With shrinking the geometry of integrated circuits to dimensions below 0.18 m, the necessity for interconnections with resistivity as low as possible is pressing. Cu, due to its low resistivity ͑ϳ40% lower than Al͒ and high electromigration and stress migration resistance, is now being used in advanced metallization technology and can be readily deposited by physical vapor deposition ͑PVD͒, chemical vapor deposition ͑CVD͒, and plating technology. However, Cu can diffuse in or react with Si or SiO 2 at low temperatures and create deep trap levels that cause degradation of device performance and reliability. 1 Therefore, a qualified diffusion barrier inserted between Cu and Si or SiO 2 is necessary for the Cu metallization scheme. The basic requirement of a qualified barrier against Cu diffusion is their high structural stability and high chemical inertness with the bordering materials within the demanded temperature/time budget.
Recently, several researchers have reported that barrier performance of refractory metals against Cu diffusion can be improved by incorporating a second element such as N, C, O, or Si. [2] [3] [4] These elements were found effective in stuffing the grain boundaries of pure transition metals, which provide fast paths for Cu diffusion. Although reports on the investigation of transition metal nitrides including TaN, TiN, and WN, etc. as diffusion barriers for Cu metallization have been presented in the literature, [5] [6] [7] to date little information is available concerning transition metal carbides in preventing Cu diffusion. 8, 9 Among the refractory metal carbides, it is noted that WC x has a very high melting point ͑ϳ2785°C͒ which suggests that the lattice diffusion of Cu through WC x would be very slow. [10] [11] [12] Moreover, WC x film exhibits a low electrical resistivity, which is crucial for a qualified diffusion barrier layer for Cu metallization. However, to the authors' best knowledge, WC x metal has only been applied as diffusion barrier in Al, Ag, and Au metallization, 13, 14 no related information of WC x material as diffusion barrier in Cu metallization has been published. In this study, WC x film used as diffusion barrier between Cu and Si was investigated. The thermal stability of WC x film as diffusion barrier against Cu diffusion before and after thermal annealing were studied and analyzed. Since the barrier layer should be as thin as possible to accommodate the high conductivity of Cu metal in the Cu/WC x /Si contact system, the dependence of thermal stability of the WC x film on the film thickness was also examined in this work. Through the analysis of interfacial reaction in the Cu/WC x /Si contact system before and after thermal annealing, the possible failure mechanism of WC x film in protecting Cu from diffusing into Si substrate was proposed.
Experimental
In this work, 500 Å thick WC x films were sputter deposited on three different substrates, including unpatterned n-Si͑100͒ for analytical investigations, photoresist-patterned p ϩ n shallow junction diodes for leakage current measurement, and oxidized Si for resistivity measurement. A dc magnetron sputtering system using a water cooled WC target ͑50:50 wt %͒ with 99.5% purity in pure Ar atmosphere was used in this study. Starting at a base pressure of 9 ϫ 10 Ϫ7 Torr, the deposition was carried out at a pressure of 7.6 mTorr at room temperature without intentionally heating or biasing the substrates. The WC target was cleaned by a 10 min presputtering prior to deposition. The applied dc power was maintained at 200 W and the typical deposition rate was measured to be around 0.31 Å/s. The film thickness was measured by a Dektak profilometer and calibrated by cross-sectional scanning electron microscopy ͑SEM͒.
The resistivity of the as-deposited WC x film was measured by a four-point probe on the WC x /SiO 2 samples. The X-ray photoelectron spectroscopy ͑XPS͒ using Mg K␣ radiation was used to investigate the chemical composition of the WC x films. In addition, X-ray diffraction ͑XRD͒ analysis with Cu K␣ radiation was performed to characterize the phase/structure of the WC x films. Transmission electron microscopy ͑TEM͒ technique was used to study the microstructure of the WC x film. The elemental depth profile and compositions of the WC x film were analyzed by Auger electron spectroscopy ͑AES͒ analysis.
The chemical inertness of WC x with respect to Cu and Si was analyzed using the Cu (2000 Å)/WC x ͑500 Å͒/n-Si structure. The prepared samples were subsequently subjected to thermal annealing with a temperature ranging from 400 to 850°C in N 2 ambient for 30 min. The annealed samples were allowed to cool down in N 2 ambient before removing from the furnace. Sheet resistance of the samples before and after annealing was monitored by four-point probe measurement. SEM was employed to inspect the surface morphology of the samples before and after annealing. XRD analysis was used to analyze the phases of possible reaction products of the annealed Cu/WC x /Si structure. TEM was employed to inspect the cross-sectional view of the Cu/WC x /Si samples before and after annealing. Secondary ion mass spectroscopy ͑SIMS͒ analyses were used to determine the elemental depth profiles across the interfaces of the annealed samples. It is noted that the Cu overlayer was removed using dilute HNO 3 solution before SIMS analysis to prevent knock-in effect caused by ion bombardment during SIMS depth profiling.
Furthermore, in order to observe the barrier capability in a more sensitive way, the current-voltage ͑I-V͒ characteristics of Cu (2000 Å)/WC x (500 Å)/p ϩ n-Si diode structures were measured for both as-deposited and annealed samples using a HP 4145B. Totally 36, randomly chosen diodes were measured in the I-V characterization. The leakage current was measured at a reverse bias of 5 V. The shallow p ϩ n junction diodes used in this study were obtained from BF 2 ϩ implantation with a dose of 3 ϫ 10 15 cm Ϫ2 and energy of 60 keV. The implanted samples were then annealed in N 2 ambient at 900°C for 30 min. The area and junction depth of the shallow p ϩ n junction were measured to be 5.8 ϫ 10
Ϫ5 cm 2 and 0.3 m, respectively. It should be noted that the 2000 Å thick Cu layer was sputtered in situ without breaking the vacuum after barrier deposition.
The failure temperature (T f ) of the WC x barrier films has been evaluated by XRD, SEM, SIMS, and I-V measurements. The failure criterions for the different measurement methods are defined as follows: For XRD analyses, the T f is defined as the temperature at which copper silicide peaks first appeared in the Cu/barrier/Si contact system. For SEM observations, the T f is the temperature at which the Cu 3 Si precipitates first appeared on the samples. For a SIMS depth profile, the T f is the temperature at which Cu begins to diffuse through the barrier and reaches the underlying Si. For I-V measurements, the T f is the temperature at which the diode leakage current density is higher than 10 Ϫ7 A/cm 2 . When all four measurement methods are compared, it is expected that the I-V measurement technique would give a T f value in a relatively higher quantitative and statistical way.
Results and Discussion
The chemical states of the as-deposited WC x films are investigated by XPS analysis equipped with an Ar ϩ ion beam with a voltage of 4 kV to etch the surface of barrier layer. The results are shown in Fig. 1 . Figure 1a is the XPS survey spectrum of the asdeposited WC x film, in which W 4f, C 1s, and O 1s components were identified from the WC x film. Figures 1b-d present the narrow scan XPS spectra with the Ar ϩ etching time as a parameter for W 4f, C 1s, and O 1s, respectively. As shown in Fig. 1b for the W 4f spectrum, two peaks corresponding to W 4f 7/2 and W 4f 5/2 are seen located at 31.6 and 33.6 eV, respectively, which are assigned to WC x . 16 Figure 1c shows the C 1s peak after 10 min Ar ϩ etching. A carbidic peak at 283 eV, which corresponds to the chemical bonding between W and C, was found. Figure 1d shows the O 1s spectra. It was found that the peak in the air exposed film starts to disappear after 5 min Ar ϩ etching. In order to determine the crystallinity of the as-deposited WC x /Si structure and possible reaction phases of the annealed WC x /Si samples, XRD investigations were performed on the WC x /Si samples before and after annealing and the result is shown in Fig. 2 . No significant peak is observed for the as-deposited sample, which suggests that the as-deposited WC x film is composed of very small grains or consists of an amorphous microstructure. After annealing at 600 and 650°C, there is no obvious change in the XRD pattern as compared to the as-deposited one. It indicates that the interface of WC x /Si after the 650°C annealing still remains its integrity without forming a possible tungsten silicide. However, a peak corresponding to W 5 Si 3 (321) appears after annealing at 700°C. The appearance of W 5 Si 3 indicates that W in the WC x film has reacted with the Si substrate to form tungsten silicide and the integrity of the WC x /Si interface has degraded. On further increasing the annealing temperature to 800°C, the intensity of the ͑321͒ peak increases, and another peak, corresponding to W 5 ͒, the formation of WSi x inevitably induces structural defects such as voids or microcracks inside the barrier layer and/or at the WC x /Si interface. 12, 17, 18 The same phenomenon was reported by Wang et al. 19 In their study, a pure metallic W layer was used as the diffusion barrier between Cu and Si. Such defects then serve as diffusion paths for Cu diffusion.
To further clarify the microstructure of the as-deposited WC x film, TEM was used to inspect the WC x /Si structure. Both the bright field plan view image and the selected area diffraction ͑SAD͒ pattern of the as-deposited WC x film are shown in Fig. 3 . It reveals that the WC x film is mainly composed of nanocrystals, which closely matches with the observation of a broad XRD peak as shown in Fig. 2 .
The thermal stability of the WC x /Si interface before and after thermal annealing was also investigated by AES depth profile analysis, and the result is shown in Fig. 4 . The concentration of W, C, and O in the as-deposited WC x film measured by AES analysis was around 76.5, 21.6, and 1.9 atom %, respectively. It is thought that the oxygen mainly comes from the impurity of the WC target. As shown in Fig. 4a and b , both as-deposited and 600°C-annealed samples are with a clear, separated interface where a sharp composition change can be seen. With increasing the annealing temperature to 650°C, the depth profile remains almost unchanged as shown in Fig. 4c . However, obvious interdiffusion of W and Si at the interface of the WC x /Si contact system is observed ͑Fig. 4d͒ as the annealing temperature was increased to 700°C, which is in good agreement with the formation temperature of tungsten silicide as observed by XRD analysis shown in Fig. 2 . Further increasing the annealing temperature up to 800°C, severe reaction of W and Si occurred and the integrity of the WC x /Si structure was destroyed ͑Fig. 4e͒. In view of the above results, the chemical inertness of the WC x film with respect to the Si substrate is destroyed after 700°C annealing, resulting in the reaction of W and Si. Figure 5 shows the sheet resistance of the Cu/WC x /Si structures as a function of annealing temperature. It is seen that the sheet resistance remains almost unchanged up to 650°C annealing. However, a sharp increase in sheet resistance of the Cu/WC x /n-Si sample after 700°C annealing is observed, which is due to the formation of copper silicides in the contact system. Further evidence was given by XRD ͑see Fig. 6͒ , in which the Cu 3 Si phase appeared in the 700°C annealed sample. Figure 6 summarizes the XRD patterns of the as-deposited Cu/WC x /Si structure and after annealing. For the as-deposited sample, only Cu and Si peaks are observed. This confirms that the as-deposited WC x barrier layer exhibits a nanocrystalline structure. The structure is unchanged up to 650°C, indicating that no interaction occurred in the Cu/WC x or WC x /Si interfaces. However, with increasing the annealing temperature to 700°C, it appears that a complex reaction occurs in which Cu penetrates to the Si substrate together with the formation of W 5 Si 3 . The formation temperature of Cu 3 Si as indicated by XRD agrees well with the sharp increase in sheet resistance measurement. The formation of Cu 3 Si compounds indicates that Cu has penetrated the WC x layer and reacted with the underlying silicon substrate, resulting in the deterioration of the integrity of the Cu/WC x /Si contact system. In addition, the formation of the W 5 Si 3 phase shows that the WC x /Si interface has been destroyed and W has reacted with the Si substrate. The intensity of Cu peak is found to be relatively weak after a 750°C annealing and disappears completely after annealing at 800°C. Based on the above results, it is concluded that the WC x film lost its barrier properties resulting in Cu diffusion into the Si substrate once the annealing temperature was as high as 700°C.
Figures 7a-f illustrate the surface morphology of the Cu/WC x /Si structure before and after annealing. Figure 7a shows the SEM image of as-deposited film. For the 500°C annealed sample, holes in the surface of the metallization scheme are observed ͑Fig. 7b͒. However, after removing the Cu overlayer by diluted HNO 3 solution, no Cu 3 Si etch pits or bright reaction particles were observed on the sample ͑Fig. 7e͒, indicating that such holes are voids in the Cu overlayer. Note that such voids are not related to the failure of WC x as diffusion barrier in preventing Cu diffusion. A similar phenomenon was also reported by Suh et al. using WN x film as a diffusion barrier between Cu and Si. 7 With increasing the annealing temperature to 600°C, as shown in Fig. 7c , the number and size of voids increases as compared to those of the 500°C annealed sample. If the Cu overlayer was removed, the barrier surface appears relatively gray in color and has irremovable bright particles ͑Fig. 7f͒. As the annealing temperature is increased to 650°C, the degree of damage is evidently much worse. Figure 7d shows that a large amount of bright protrusions reside on the surface of the annealed samples. These protrusions might arise from the fact that the Cu 3 Si phase has grown so large after such a high temperature annealing that, as a result, it deforms the barrier layer and reaches the top surface of the Cu film.
TEM cross-sectional images of the Cu/WC x /Si samples before and after annealing are shown in Fig. 8 . The micrograph of the as-deposited sample shows Cu and WC x distinct layers. A sharp interface between the WC x layer and the Si substrate is observed in . After annealing at 650°C, no evidence of reaction at the WC x /Si interface was found on the sample ͑Fig. 8b͒. However, with increasing the annealing temperature to 700°C, the formation of Cu 3 Si precipitates at the WC x /Si interface arising from the downward diffusion of Cu was observed ͑Fig. 8c͒. Note that the precipitate not only grew into the Si substrate, but also expanded out of the barrier layer. It was also observed that the Cu 3 Si precipitate has been separated from the Si substrate by a thin layer of amorphous SiO 2 . Because of the catalysis of Cu 3 Si, the formation of SiO 2 is believed to occur very rapidly upon exposure to air after annealing even at room temperature. 20, 21 Figures 9 and 10 demonstrate the distribution of leakage current density and SIMS depth profiling of the annealed Cu/WC x /p ϩ n-Si contact structures, respectively. For the as-deposited samples, as shown in Fig. 9a , all samples showed leakage current densities less than 10 Ϫ8 A/cm 2 , indicating that WC x layer is effective in preventing Cu diffusion into Si substrate. On the other hand, no sign of Cu diffusion into Si substrate was observed on the sample as measured by SIMS depth profile ͑Fig. 10a͒. The Cu profile at the WC x /Si interface might be attributed to the oxygen enhancement effect by the oxygen-containing interface reported by Yu. 22 In Yu's work, it was found that the presence of oxygen on the sample could greatly enhance the formation of positive secondary ions. In our case, the native oxide of Si substrate was thought to be the main source of oxygen that caused a relatively higher secondary ion yield of Cu at the WC x /Si interface. Hence, Cu peak was seen piling up at the WC x /Si interface even for the as-deposited sample. A similar phenomenon was also reported by Liang et al. 23 As the annealing temperature was increased to 500 and 550°C, it was seen that about 80% of the annealed samples are with a leakage current density equal to or less than 10 Ϫ7 A/cm 2 ͑see Fig. 9b and c͒. There is still no obvious sign of copper diffusion into the underlying Si as shown in the corresponding SIMS depth profile ͑see Fig. 10b and c͒. The result indicates that the WC x film is able to retain the electrical characteristic of the test diodes without increasing leakage current after 550°C annealing. However, after 600°C annealing, as shown in Fig. 9d , a catastrophic failure takes place in the shallow junction diodes, and the leakage current density reached 10 Ϫ6 A/cm 2 or Figure 7 . SEM images of the Cu (2000 Å)/WC x ͑500 Å͒/Si structure ͑a͒ as-deposited and annealed at ͑b͒ 500, ͑c͒ 600, and ͑d͒ 650°C for 30 min. SEM images of annealed Cu/WC x /Si samples after Cu removal ͑by diluted HNO 3 solution͒ ͑°C͒ ͑e͒ 500 and ͑f͒ 600. higher values. In the SIMS depth profile, one can see that a severe diffusion of Cu, W, and C into the Si substrate occurred ͑Fig. 10d͒. The Cu profile in Fig. 10d can be explained with an increased roughness of the sample as expectable from Cu 3 Si crystallites with diameters in the micrometer range. Figure 11 shows the effect of barrier layer thickness on the failure temperature (T f ) of the WC x film. For all characterization methods, it is seen that T f decreases as the barrier thickness is reduced. Noted that T f evaluated from XRD is higher than that of obtained from SEM by about 50°C, while the SIMS and I-V measurement methods yield almost the same T f . It is worth noting that a thin WC x film with 150 Å is still effective in preserving the integrity of the diodes up to 500°C as evaluated by the I-V measurement.
Based on the XRD, SEM, and diode leakage current measurements, the 500 Å thick WC x barrier metal was able to withstand a higher thermal budget by about 50 ϳ 100°C as compared to the pure W metal. 24, 25 It suggests that the incorporation of carbon in tungsten is beneficial to improve the thermal stability of the barrier metal between Cu and Si. According to the film characterization mentioned above, it is found that the incorporation of C results in a barrier film with relatively much smaller grains than those commonly observed in pure W metal. Since tungsten forms virtually no solid solutions with Cu, 26 the copper penetration into Si substrate must proceed along grain boundaries or dislocations of the W metal. Analogous to N and O incorporated in transition metals as diffusion barrier in Cu metallization, 2-4 a considerable amount of carbon atoms might be located interstitially or be stuffed at the grain boundaries of the WC x matrix. As a result, the fast diffusion paths of Cu along grain boundaries as in the pure W barrier layer could be depressed efficiently.
According to the results of XRD and AES analysis, local defects induced by the formation of W 5 Si 3 after high temperature annealing inside the WC x film and/or at the barrier/Si interface should be responsible for the failure of the barrier layer. The interface of Cu/WC x was stable and no reaction between Cu and WC x barrier layer was observed as revealed by XRD analysis ͑Fig. 6͒. However, for the samples with or without the Cu overlayer, a WSi x phase was formed at the WC x /Si interface after 700°C annealing ͑as shown in Fig. 2 and 6͒ . The formation of WSi x would induce defects such as voids or microcracks inside the barrier layer and/or at the barrier/Si interface, which serve as fast paths for Cu diffusion.
Therefore, the failure of WC x as diffusion barrier is due to the diffusion of Cu through the localized defects or grain boundaries of the barrier layer into the Si substrate, and the formation of WSi x provides additional paths for Cu diffusion.
Conclusion
In this work, sputter-deposited WC x film was employed as a potential diffusion barrier for Cu metallization for the first time. The as-deposited WC x film was found to have very small grains and a low electrical resistivity of around 227 ⍀ cm. Experimental results showed that the WC x /Si structure remains stable without formation of a WSi x phase after a 650°C annealing for 30 min. In addition, by XRD, SEM, and SIMS analyses, unpatterned Cu (2000 Å)/WC x ͑500 Å͒/Si contact system was found to be metallurgically stable up to 600°C, while the failure temperature is around 550°C as evaluated by p ϩ n diode leakage measurement. It is also found that the WC x film with thickness reduced to 150 Å is still effective in preserving the integrity of the diodes up to 500°C. The incorporation of carbon in tungsten was found to be very beneficial in improving the thermal stability of the barrier metal between Cu and Si. The failure of WC x as diffusion barrier is mainly due to the Cu diffusion through the barrier layer into Si substrate and formation of Cu 3 Si therein. Experimental results also indicated that the formation of WSi x induces voids or microcracks inside the barrier layer or at the barrier/Si interface, which could introduce additional paths for Cu diffusion into Si.
